NMR spectroscopy has become a standard method to determine the high-resolution structure of biomolecules, including protein, nucleic acids and their complexes.
conformation. This is exemplified in the structures of mutant T4 lysozyme, which were crystallized in more than one conformation, revealing a hinge-bending motion. 5 As other representative examples in this line, citrate synthase and adenylate kinase adopt different conformations according to ligand binding i.e., open conformation in the uncomplexed state and closed conformation when complexed with ligand. 8, 9 It is thought that these different conformations are snapshots of states accessible to proteins in solution. 6, 7 If this is the case, such snapshots provide valuable experimental information on functionally important protein motions. The growing number of submissions to PDB will inevitably increase the proportion of structures with more than one conformational state, which enhances the insight into protein motions based on the structural variations in the crystal lattice.
Efforts to classify the types of structural changes found in the crystal structures may reveal the mechanism involved in domain motion.
2,3 X-ray crystallography provides an accurate molecular structure of multidomain proteins without molecular size limitation, but the orientation of domains in the crystal lattice can be influenced by crystal packing forces. Indeed, the position of domains as established by X-ray crystallography may differ from the average position in solution. One goal of protein structural analysis is to accurately describe the orientations of domains and how they change in response to various stimuli, including ligand binding, modifications and so forth. 2 Thus, there is a requirement for a novel approach to determine the orientation of domains in solution, which will compliment the data from X-ray crystallography. NMR studies of proteins in solution have been limited to relatively small single-domain molecules comprised of approximately ≤ 250 residues. Thus, the conventional NMR approach has not been useful for the analysis of the domain arrangement. However, the recently established NMR experiments based on newly introduced residual anisotropic spin interaction, have paved the way to facilitate the determination of the domain orientation in solution. [10] [11] [12] [13] [14] The residual anisotropic spin interactions are only observed for weakly aligned proteins in a magnetic field, which spin interactions stem from the anisotropy of certain second rank tensorial interactions that vanish under isotropic conditions, where protein molecules rapidly tumble without any preferential direction. A weak anisotropic distribution of molecular orientation, rather than complete alignment, reintroduces the tensorial interactions to such an extent that they are easily detected under conditions allowing high-resolution NMR spectroscopy. An incomplete directional average of macromolecules can be achieved in a variety of ways during sample preparation e.g. the incorporation of a magnetically aligned liquid crystalline medium into the sample solution (Fig. 1a) . 13, 15, 16 The residual anisotropic spin interactions yield orientational structural information, rather than short-range nuclear spin distances and torsion angles. 17 The magnitudes of the interactions are a function of both the alignment tensor, which represents the anisotropic distribution of molecular orientations to a magnetic field, and the orientation of the individual chemical groups in a protein with respect to the alignment tensor's principal axes. The alignment tensor is represented by Saupe's order matrix, 18 which defines the direction of the molecular orientation and the extent of the aligning order. When the protein structure is known, the alignment tensor of the protein is determined by using the fixed orientation of each chemical group in a molecular coordinate frame. The alignment tensor of a domain is, thus, determined by using its structural coordinate. And the relative orientation of the domains is defined through determining the alignment tensor for each domain; 19 where the individually determined alignment tensor is used as a common reference frame to reconstitute the domains.
Although there are many types anisotropic spin interactions in NMR, residual dipolar couplings (RDCs) have been the measurement of common choice. 20 RDCs can be seen as the splitting of resonances, or modulation to existing splittings, in NMR spectra. The magnitudes of the observed couplings depend on the orientation of each internuclear vector with respect to the magnetic field. Thus, these couplings can provide long-range structural constraints on the relative orientation of even spatially remote parts of a molecule. 13, 20 In addition to a lot of applications based on RDCs, other anisotropic spin interactions, including anisotropic chemical shifts and quadrupolar interactions, also give related long-range structural constraints. 19 Although RDCs are readily accessed anisotropic spin interactions, their measurement has intrinsic size limitations. Therefore, an RDC-based approach is hardly applied to high molecular-weight proteins; the practical size limit is around 50 kDa. This size limitation in the RDC-based structural analysis is a critical drawback. The size limit in collecting RDCs will restrict the domain orientation analysis to mid-sized proteins, although multidomain proteins are likely to be over 100 kDa. Thus, once this size limitation is alleviated, the NMR determination of the domain orientation will provide complementary structural information to that derived from X-ray crystallography.
To overcome the intrinsic size limitation in RDC measurements, we have established an alternative approach for analyzing domain orientation. Our method determines the alignment tensor solely based on TROSY (transverse relaxation optimized spectroscopy) offsets induced by molecular alignment. 21 The TROSY technique enables one to measure 1 H-15 N 2D correlation NMR spectra with high resolution and sensitivity for proteins even over 100 kDa. 22 Our approach takes full advantage of the TROSY experiments, and therefore can expand domain orientation analysis to much larger proteins (i.e., >100 kDa).
In this review article, the theoretical background of residual anisotropic spin interactions in a weakly aligned molecule is introduced. In particular, we focus on the theory of the dipolar interaction as the most tractable example. The required experimental setups will be described, in particular the preparation of a weakly aligned state. The determination of the domain orientation through the alignment tensor will 40 ANALYTICAL SCIENCES JANUARY 2008, VOL. 24 Purple membrane is a naturally occurring two-dimensional crystal lattice comprising bacteriorhodopsin, which protein is rich in α-helices. A purple membrane spontaneously aligns in a high magnetic field with its normal parallel to the field direction.
subsequently be addressed.
Finally, our newly devised TROSY-based orientation analysis, 21 referred to as DIORITE (determination of induced orientation by trosy experiments), will be described in detail.
Theoretical Treatment of Residual Dipolar Interactions
The residual tensorial interactions, including RDCs, contain both structural and dynamic molecular properties. Structural information extracted from the data is, thus, a convolution of structural and dynamic effects. Deconvolution of both effects is required for estimating the structural and dynamic properties of the molecule independently. In the following section, the theory of dipolar interactions is introduced, which provides the simplest example in treating residual second rank tensorial interactions, which also include anisotropic chemical shifts and quadrupolar interactions. The treatment is easily applied to the other tensorial interactions, since they depend on the same spatial functions to be described below. According to the treatment by Prestegard, 17 we use a representation of the angular functions, which is subsequently linked to the Cartesian representation that gives an easier physical interpretation. For a weakly coupled pair of spins, i and j, the dipolar Hamiltonian contribution to the observed resonance splitting can be of the following form in a laboratory frame, in the high field limit:
where rij is the internuclear distance between the interacting spins, γi and γj are the gyromagnetic ratios of spins i and j, respectively. Iiz and Sjz are spin angular-momentum operators. It is noted that, in considering the interaction between 1 H and 15 N nuclei in an amide bond, which is the focus in the following, the IizSjz term in Eq. (1) represents heteronuclear spin interaction between the nuclei having different gyromagnetic ratios for 1 H and 15 N, respectively. The angular part of the dipolar Hamiltonian is described using the second rank Legendre function, P2(cos Θ(t)); here Θ(t) is the time-dependent angle between the magnetic field and the internuclear vector by the interacting spins i and j (Fig. 2a) . The expectation value of the dipolar Hamiltonian, Eq. (1), does not vanish in ordered systems, although it is averaged to zero in a rapidly tumbling system as found in an isotropic solution.
When considering the time dependence of the dipolar Hamiltonian in the discussion of residual tensorial interactions, the bond librations are negligible. This is because the bond librations and the molecular reorientation occur on very different timescales. In the following treatment of molecular motion, the bond length is considered to be constant. Measured residual dipolar couplings are the time-averaged resultant of the molecular reorientation, denoted by angle brackets,
Here, rij means the effective internuclear distance. In eliminating the local bond motion, the average of the angular part reflects the orientational distribution of the effective ij internuclear vector relative to the magnetic field. This average will vanish under the isotropic distribution of molecular orientations. In addition to the distribution of molecular γiγjh ---
orientation in the equilibrium state, the dipolar interaction contains motional characteristics represented by Θ(t) in Eq. (1), which include the overall molecular motion, segmental motions and local bond fluctuations. The dipolar interaction thus contains a convolution of the motional properties and structural information.
In the following treatment, the molecule is considered to be a rigid body where interacting vectors are fixed in the molecular coordinates. An arbitrary reference coordinate system, which is fixed within the molecular coordinate or usually the molecular coordinate system itself, allows a description of the orientation of the ij internuclear vector in terms of its time independent polar angles, θ and φ (Fig. 2b) . Likewise, at any instant in time, the orientation of the magnetic field can be described in terms of its polar angle, ξ(t) and ζ(t), which are time-dependent due to N dipolar interactions in a protein structure described on a molecular coordinate frame, whose orientation is defined with respect to the magnetic field. The NH bond vector, whose direction is assumed to be fixed, is defined by the (θ, φ) angles in a molecular frame, whilst the molecular frame is defined by the time variable angles (ξ(t), ζ(t)), which represent molecular tumbling. (c) In this representation, the NH-bond vector direction is defined by the direction cosines to three molecular frame axes. The representation is used for dipolar couplings with Saupe's order matrix, Cartesian representation. overall reorientation of the molecule (Fig. 2b) . The Legendre function, P2(cos θ(t)), is expanded by the spherical harmonics according to the spherical harmonic addition theorem;
where the Y2q's are the normalized spherical harmonics. Using the relation in Eq. (3), the dipolar couplings in Eq. (2) become the following expression with spherical harmonics:
Under the rigid-body assumption, the angular dependency of residual dipolar is represented by a set of time-dependent angles, ζ(t) and ξ(t), describing the molecular frame orientation against the magnetic field. When using the structure of the molecule, which gives the θ, φ angles for each ij interacting vector orientation with respect to the molecular frame, a measurement of dipolar couplings corresponding to at least five independent dipolar interaction vectors will determine all five averages of the spherical harmonics appearing in Eq. (4), with q = -2, -1, 0, 1, 2. The determination of the time-averaged five spherical harmonics in Eq. (4) corresponds to a determination of Saupe's order tensor. Using Saupe's order matrix elements, Skl, the residual dipolar coupling is also represented in the following form:
In this Cartesian formulation, the direction cosines of angle α describe the internuclear vector orientation within the molecular frame (Fig. 2c) . In the representation, the time averaged orientation of the alignment frame is described by the Saupe order tensor elements, Skl. The Saupe order tensor is a traceless, symmetric 3 × 3 matrix, thus it comprises five independent elements. The Cartesian and spherical representations for the residual dipolar coupling are related by the linear transformation of the spherical harmonics, as shown below.
Diagonalization of the Saupe order tensor gives orientational information about the molecule. The principle values can be recast into an order parameter for the most ordered axis, Szz. An asymmetry parameter, η = (Sxx -Syy)/Szz, describes the deviation from axially symmetric ordering. The diagonalization also relates the orientation of the principal alignment axes to the initial molecular frame, which therefore describes the mean orientation of the molecule relative to the magnetic field. This transformation is represented in terms of three Euler angles.
In the principal axis frame, whose orientation is defined by the Euler angles, Eq. (4) is reduced to the following representation with two non-zero average spherical harmonics: 
These terms are related to the elements in the Saupe order tensor. As shown above in Eq. (7), these two remaining nonzero spherical harmonics are related to the axial, Aa, and rhombic components, Ar, in a general alignment tensor representation, respectively, which is described as, (8) where the (θ, φ) angles define the orientation of the ij internuclear vector in the molecular frame. In this commonly appearing representation in literatures, Aa, Ar and the three Euler angles (α, β, γ) constitute the five determining alignment tensor elements. 13,23
Chemical Shift Offset Induced by Weak Alignment of the Molecule
In a weakly aligned state, there appears a resonance offset that stems from anisotropies in the chemical shielding tensors. The induced resonance offset displays angular dependency against the magnetic field in a similar manner to that used for the RDCs. The chemical shielding of nuclei in most molecular groups varies with the orientation in a magnetic field due to the anisotropy of the group's electronic distribution. In a highresolution NMR spectrum the isotropic average of the resonance position is observed. However, offsets to the isotropic chemical shift can be seen for nuclei in chemical groups with particularly large chemical shift anisotropies (CSAs) in a weakly aligned state. In the protein backbone, 13 C of a carbonyl group and 15 N of a peptide plane show a particularly large CSA. 24 These resonances display significant chemical shift offsets in a weak alignment state. The chemical shift offsets, Δδ, can be expressed in a similar manner to Eq. (5) in the Cartesian representation with the Saupe order matrix,
Where δkk are the principal elements of the CSA tensor, θik and θjk are the angles between the principal axes of the CSA tensor and an arbitrary molecular frame that defines the atomic coordinates of the molecule (Fig. 3) . Sij are the Saupe order tensor elements, defined in the above description for the dipolar interaction.
In the Saupe order tensor determination from the chemical-shift offsets, Δδ, the principal values δkk and the orientation of the CSA principal axes in a peptide plane are assumed to be well defined for individual residues. Because the parameters are hard to know a priori, the principal values and directions of the principal axes may be taken from suitable values examined in the solid state NMR experiments. 24 However, for a more accurate determination of the Saupe order tensor, the intrinsic variation in the CSA tensors must be considered. The direction of the CSA principal axes in a molecular frame and the principal values for each group vary according to the local structure. 25 Recent ab initio calculations seem to offer alternative way for obtaining the chemical shift tensors in each group according to their local structures. 25, 26 A practical difficulty in measuring chemical shift offsets
induced by alignment is that both an isotropic reference spectrum and an aligned spectrum must be collected under conditions in which any variations in the environment introduce no additional chemical-shift perturbations. In this way, resonance differences must be associated solely with CSA offsets. By using bicellar media for weak alignment (see next section), a comparison between spectra obtained under static and magic-angle sample spinning conditions gives accurate CSA offsets. 27 Under magicangle sample spinning, bicelles retain discoidal shape, but do not have any torque to align. Thus, the application of magicangle spinning eliminates the effect of the alignment whilst maintaining the other chemical conditions. Figure 4 shows an example of a comparison of data collected for ubiquitin in an aligned state and under the magic-angle sample spinning. From this carefully tuned experiment to measure the chemical shift offset induced by alignment, we could determine the 15 will give about 20 Hz RDC for a directly bonded amide pair, which is significantly larger than its typical line width for a 1 H-15 N correlation signal. In general, inherent magnetic susceptibilities of globular proteins, except for those having metal ions, such as myoglobin, are too small to obtain appropriate alignment order. 14 The more common approach for partial alignment is to use the field-induced order of liquid crystalline media, which indirectly induces a nonisotropic distribution through collisional interactions of the molecules (Fig. 1) . 19 The alignment media must display long-term stability in order to maintain weak alignments and should not adsorb the solute; otherwise, the alignment becomes too strong. When the solute is adsorbed onto the aligning media, the solute keeps the fixed orientation against the magnetic field, making it in a completely ordered state, rather than a weakly aligned state. The bicelle, which is composed of a mixture of dimyristoylphosphatidylcholine (DMPC) and dihexanoyl-phosphatidylcholine (DHPC) in a ratio of 3:1, is an appropriate liquid crystalline medium for weak alignment (Fig. 1a) . The phospholipid binary mixture forms lipid bilayer disks 30 -40 nm in diameter, with the shorter chain lipids concentrated around the edges. The normal of the disk tends to align perpendicular to the magnetic field. 15 The bicellar media are limited to a temperature range of 27 -45˚C for transition to the liquid crystalline phase, and to a neutral pH for long-term stability of the medium. Studies have been conducted for finding appropriate liquid crystalline media that allow weak alignment over a wide range of experimental conditions. As a result, a set of media are now available, which are suitable for most temperature ranges, ionic strenghtes and pH conditions commonly applied to protein structural work. 19 Aside from liquid crystalline media, which mainly induce molecular alignment through collisional interactions, purple membrane or filamentous phage suspensions are also used to align the solute, primarily by weak electrostatic interactions. [28] [29] [30] [31] Since both purple membrane and filamentous phage possess strong anisotropic magnetic susceptibility, they spontaneously align in a strong magnetic field (Figs. 1b and 1c) . Because the molecules have highly negatively charged surfaces, solute alignment is induced by transient contact on the strongly aligned molecule through electrostatic interactions between positively charged parts of the solute and the negatively charged surface of the aligned molecules. Thus, the alignment state shows a dependency on the surface charge distribution of the solute. These spontaneous aligning molecules may establish different alignment states from those achieved by collision-induced alignment. In addition, the filamentous phage and purple membrane have different aligning preference to the magnetic field (Figs. 1b and 1c) . The normal of the purple membrane tends to be parallel to the magnetic field, while the long axis of the filamentous phage aligns parallel to the field. Thus, they form a different spatial alignment of negatively charged patches in solution, which mediate different ordered states of the solute. Because the alignment mechanism involves electrostatic interactions, these spontaneously aligning molecules are unsuitable for basic proteins; they may induce extreme anisotropic 43 ANALYTICAL SCIENCES JANUARY 2008, VOL. 24 N chemical shift anisotropy (CSA) tensor on a peptide plane. The direction of each principal axis in the CSA tensor is defined with respect to the molecular coordinate axes by their direction cosines. Although not depicted here, the molecular frame orientation against the magnetic field is defined in the same way as described in Fig. 2 . interactions by binding a basic protein to the aligning molecules, which disables the signal detection, or they may even precipitate the protein through the tight interactions.
The other ordering is achieved by applying mechanical stress to make anisotropically compressed polyacrylamide gels, which ordering is independent of the direction of the magnetic field. This should generate an anisotropic cavity into which the solute becomes embedded. The polyacrylamide gels are chemically stable, and essentially free from pH and temperature limitations in use. Indeed, anisotropically compressed polyacrylamide gels are recognized as general alignment media for measuring residual anisotropic spin interactions. [32] [33] [34] The immobilization of the magnetically ordered filamentous phage or purple membrane within a polyacrylamide gel is also used for achieving different molecular alignments. 35, 36 Charge doping of the stressed polyacrylamide gel is achieved by incorporating acrylate, which by itself may induce alternative alignments. 33 The alternative gel-based approach provides possibilities of producing a biaxial variety to the medium, and then collecting a set of RDCs with various alignment angles of the sample with respect to the magnetic field. The use of a complementary set of RDCs from different molecular alignment angles alleviates any ambiguities in interpreting a single measured set of RDC; aside from invariance to inversion, the allowed orientation for internuclear vectors, which are estimated from the corresponding RDC, span a continuous range of angles.
Data Acquisition of the RDC
Here, data acquisition for measuring one bond 1 H-15 N RDC in a protein is described. The anisotropic spin interactions modulate the apparent 1 JNH spin couplings. Thus, measuring RDC is based on the splitting of HSQC spectra collected without 1 H decoupling to 15 N during the nitrogen spin evolution. The number of cross-peaks is doubled in the 1 H-coupled HSQC spectrum compared with that in the 1 H-decoupled ordinal HSQC spectrum. However, as the size of the protein increases, accidental signal overlaps make this approach undesirable. The signal overlaps by the appearance of pairs for each site are alleviated by using spin-state separation/selection in the indirect dimension for the 15 N frequency. In this context, IPAP, spinstate (S 3 E, S 3 CT) and α/β-selection units are incorporated into the conventional 1 H-15 N HSQC pulse scheme. [37] [38] [39] [40] In the IPAP sequence, an anti-phase and in-phase doublet is generated with and without using a particular unit in the pulse scheme at the beginning of the t1 evolution for 15 N coherence. 40 Addition/subtraction of the obtained spectra, collected in an interleave manner, separate high-field and low-field components into spectra from which frequency positions can be clearly measured, each with half the number of peaks (Fig. 5) . IPAP-type experiments are widely used in the case of small-tomedium sized biomolecules.
Details of other types of modifications to circumvent the problem of overlap in the Jcoupled spectra are not included in this article; refer to the original papers for a complete descriptions [37] [38] [39] [40] The RDC measurement with the IPAP experiments, which uses the differences in the splitting of doublet components along the 15 N dimension, suffers from severe line-broadening for the high-field component due to cross-correlated relaxation, particularly for proteins over 30 kDa. This makes it very difficult to accurately measure the peak positions of the highfield components, thus leading to significant errors in measuring RDCs. By contrast to the rapid transverse relaxation of the high-field component in the J-coupled spectra, the low-field (TROSY) component retains a longer transverse relaxation time, with correspondingly narrower line widths. The TROSY component is clearly observable even for proteins >30 kDa.
Because RDC measurements are based on the split between the high-field and low-field components on IPAP spectra, the accuracy is limited by the lower sensitivity of the high-field components. As shown in the simulation, the apparent line width of each component rapidly changes according to their molecular weight. The TROSY component is observable for proteins of 150 kDa, but the corresponding anti-TROSY component, or high-field component, suffers from severe broadening to less than the observable levels (Fig. 6 ). For even larger proteins, 800 kDa, the anti-TROSY component is difficult to detect, whilst the TORSY component is still 44 ANALYTICAL SCIENCES JANUARY 2008, VOL. 24 observable (Fig. 6 ). It should be noted that the TROSY component, also referred to as the low-field signal, in a pair of coupled 1 H-15 N signals is not a pure TROSY signal. The real TROSY signal is the component showing the longest transverse relaxation time among the quartet observed in 1 H-15 N correlation spectra collected without decoupling in both 1 H and 15 N dimensions. 22 Therefore, the real TROSY signal shows a longer transverse relaxation time than that of the TROSY component, as a low-field component in a pair on an IPAP spectrum. In the following discussion, the term for the TROSY signal or peak, not the TROSY component, is used to refer to the signal observed in TROSY spectroscopy.
For medium-to large-size 15 N/ 2 H labeled proteins, the TROSY peak is a promising target for obtaining the 1 H-15 N correlation, which maintains significant signal intensity and resolution for proteins above 100 kDa. 22 Because of the differential cross-correlated relaxation of the low-field and high-field components of a 1 H-15 N doublet, the precision of a measurement is limited by the rapidly relaxing component. To overcome the size limitation in measuring RDCs, alternative experiments have been reported. The combinatorial use of TROSY and HSQC spectra alleviates an imprecise reading of the high-field peak position of the 1 H-15 N doublet by reading the HSQC counterpart. In the experiment, the displacement between the TROSY component of a doublet and the HSQC signal along the 15 N axis gives the RDC in half magnitude. 41 Although HSQC signal shows longer transverse relaxation time than that of the corresponding anti-TROSY component, it still has significantly shorter transverse relaxation time than that of the TROSY counterpart. For a 81.4 kDa protein, the transverse relaxation time for the TROSY, anti-TROSY and HSQC are reported to be 65, 10 and 30 ms, respectively. 42 Thus, the use of HSQC signals in RDC measurements does not fully overcome the problem of size limitation.
Another TROSY-based approach for the RDC measurement has been proposed that incorporates an additional J-evolution period to encode the frequency displacement of the 1 H-15 N cross-peak from a reference TROSY signal. This methodology is called J-scaled TROSY or J-enhanced (JE) TROSY. 41, 43, 44 A related J-scaling procedure was introduced to the 3D experiment using a 2 H/ 15 N/ 13 C labeled protein, 3D TROSY-HNCO, which introduces a third 13 C dimension so as to avoid resonance overlap in recording scaled-and native-TROSY 15 N chemical shifts. 41 Experiments were applied to proteins over 50 kDa. 42 ,44 These J-scaled approaches include a step to mix TROSY and anti-TROSY coherences to encode the J-modulated frequency. The observed line-broadening could be enhanced to a specified level according to the duration of the extra coupling evolution. Therefore, J-scaled experiments, as is the case for the combinatorial use of TROSY and HSQC experiments, do not take full advantage of the TROSY effect in recording the RDCs. Thus, this approach alleviates the size limitation problem, but does not solve it completely.
These modified RDC-recording approaches could be successfully applied to the analysis of domain arrangements of proteins up to 50 kDa. 44 However, the limited sensitivity for rapidly relaxing HSQC signals was already troublesome in the analysis of 81.4 kDa protein. 42 Domain orientational analysis of proteins over 50 kDa is still a problem that has yet to be fully resolved.
RDC-based Elucidation of Domain Orientations
This section describes how RDCs can be used to establish average relative domain orientations. As described in the theory section, RDCs provide alignment tensors of any structural units in a protein (e.g., domains, secondary structure units or subunits). In the following discussion, we focus on domain orientational analysis using RDCs.
The RDC-based domain orientation analysis uses a priori knowledge of distinct domain structures, which usually comes from X-ray data. Several procedures have been proposed for determining the domain orientation i.e., order tensor analysis and rigid-body minimization. 14, 20, 45 Although apparently different processes are used, they share a fundamental similarity in that the orientations of the domains involved are optimized by a best fit to the RDC data. An intuitive description of the domain orientation analysis is schematically shown in Fig. 7 . After determining the alignment tensor of each domain, where each domain structure is independently used for tensor determination, the relative orientation can be established by rotating the two domains such that their alignment tensor frames coincide. By this process, a mean relative orientation is usually generated. 46 In the presence of differential levels of internal motions between domains, the alignment tensor principle values can vary and reflect the level of internal motion. The extent of the dynamic averaging of each domain orientation can also be elucidated from the RDCs. This is because a convolution of dynamic and structural properties of the protein structure is encoded within the RDCs. 47 There appears to be an increasing number of cases in which differences between solution and solid-state conformations are observed. 11, 12 Using RDCs and multiple coordinate sets for the domain structures, maltodextrin-binding protein in the apo, maltotriose-bound and β-cyclodextrin-bound states were explored. 12 The relative orientation of the domains was found to differ from the corresponding crystal structure in the case of cyclodextrin-bound form. 12 As another example, a more open conformation is observed in a solution relative to the solid state for bacteriophage T4 lysozyme. This observation appears to be more compatible with steric requirements for ligand binding. 11 These examples illustrate how RDC-based domain orientation analysis may complement X-ray crystallography in determining relative domain orientation or protein morphology.
One feature of RDC-based structural studies is its easy application. The RDCs are obtained from a set of simple 2D spectra, which are easily acquired. Furthermore, in most instances, only a small number of data sets are required for 45 ANALYTICAL SCIENCES JANUARY 2008, VOL. 24 Fig. 7 Schematic representation of the order tensor approach to the determination of the relative orientation of two domains. Starting with the X-ray structural coordinates of each domain, sets of RDC data for individual domain are used to independently determine the alignment tensors. The Z and X axes correspond to the directions of maximum and minimum ordering, respectively. The average relative orientation of the domains is established by rotating the two domains so that their alignment tensor frames coincide. structural analysis. Thus, the RDC-based approach is amenable to applications involving molecules well beyond the size that could be the subject of a complete structural determination by conventional NMR. Severe overlap of the resonances for highmolecular weight proteins prohibits collecting proton-proton distance restrains on NOESY spectra, which normally limits high-resolution NMR structural analysis to proteins of less than 30 kDa. Currently available NMR assignment techniques, including TROSY-based triple resonance experiments, 48 segmental labeling 49 and selective labeling using in vitro protein expression systems, 50 can readily facilitate backbone resonance assignments for proteins over 100 kDa. Once the size limitation for collecting RDCs is increased to the level for which TROSY can be applied, it should be possible to determine domain arrangements of proteins in the order of several hundred kDa in solution. Furthermore, this would facilitate the structural analysis of protein complexes, where different molecules are positioned relative to one another. Anisotropic interactions could then serve as a sensitive probe for conformational changes that might occur upon association. Thus, a new experimental approach for obtaining alignment information is required, which overcomes the size limitation of an RDC measurement.
In the next section, a proposed new application of anisotropic spin interactions is described, which expands the existing size limitation encountered in the RDC-based domain orientation analyses. 21 
Determination of the Alignment Tensor by
Solely Using TROSY 7·1 TROSY offsets induced in the aligned state TROSY gives a high-resolution 1 H-15 N two-dimensional correlation spectrum, even for proteins over 100 kDa. 22 The TROSY effect depends on the interference between dipolar and CSA relaxation, i.e. CSA/dipole-dipole cross-correlation, which is used to suppress or reduce transverse relaxation in two spin 1/2 systems, such as 1 H-15 N moieties in a protein. TROSY was successfully used to establish the backbone resonance assignment for a protein of 110 kDa labeled with 2 H, 15 N and 13 C. This revealed that TROSY provides a possible way to overcome the obstacles for exploring large-molecular weight proteins by NMR. 51 RDC-based approaches to determine the alignment tensor were described in an earlier section with its application to the analysis of domain arrangement in a protein. The size limit for measuring RDCs is shown to be about 50 kDa, as described above. The existing size limitation reduces the usefulness of the RDC in determining domain orientation in solution. In contrast to the existing methods, our proposed approach relies solely on the TROSY shift offsets induced by alignment. This takes full advantage of the TROSY line-narrowing effects, thus basically allowing alignment tensor determination for proteins over 100 kDa. 21 In the following section, the method is described in detail.
The TROSY peak is displaced in the aligned state from the position observed in the isotropic state. The induced TROSY displacement along the 15 N axis contains the effects of two anisotropic spin interactions observed on a peptide plane (i.e., 1 H-15 N dipolar interactions and anisotropic chemical shielding, or chemical shift anisotropy (CSA) of 15 N nuclei). As depicted in Fig. 8 , half of the dipolar coupling and CSA derived chemical-shift offset constitutes the TROSY displacement, ΔδTROSY, in the aligned state. In a Cartesian representation using the Saupe order matrix tensor, the orientation induced ΔδTROSY is described in the following equation:
Sklcos(θkj)cos(θlj)δjj
where αk is the angle of the NH bond vector for a spin pair relative to the molecular axis, and δkl. D 0 NH is static dipolar coupling, which equals 23.0 or 21.7 kHz for assumed NH bond lengths of 1.02 or 1.04 Å, respectively; θkj indicates the angle between the principal axis of the CSA tensor and the molecular axis. The term, δjj, is the principal value of the CSA tensor. The Saupe order matrix can be obtained through a singular value decomposition (SVD) calculation, which gives the alignment tensor. 18, 52 In the analysis according to Eq. (10), the CSA tensor principal angles and values are assumed to be well defined for all residues in the target protein; which assumption is the same as in the tensor determination using chemical shift offsets according to Eq. (9) . Note that the CSA tensor is sensitive to the local structure. 25, 26 The CSA tensor for each residue is, therefore, hard to know a priori. The principal values and angles may be taken from the result of an appropriate model compound mimicking the peptide bond in the solid state. 53 In considering of the difficulty in knowing residue-specific CSA values in a target protein, we compared the alignment tensor determined using RDCs collected from IPAP spectra with that based on TROSY offsets, ΔδTROSY, using the average CSA tensor according to Eq. (10). The result is summarized in Table 1 . The sample used for the analysis was 15 N-labeled ubiquitin in a 7.5% (w/v) DMPC/DHPC/CTAB ternary bicellar solution, 21 ,27
ANALYTICAL SCIENCES JANUARY 2008, VOL. 24 where a small amount of CTAB, cetyltrimethylammonium bromide, was doped to make the bicelle surface positively charged and also improve the long-term stability of the liquidcrystalline state. In minimizing the unwanted chemical shift perturbations to the TROSY offsets, we measured ΔδTROSY from the spectra collected in the aligned state and under the magicangle sample spinning condition, which eliminates only the bicellar alignment with keeping chemical conditions the same. 27 In calculating alignment tensors, we considered the noises in reading the peak positions and also structural noises that come from local fluctuations of the NH bond vectors. The average 15 N CSA tensor used in the present analysis was determined by applying magic-angle sample spinning to the same ubiquitin solution in the bicellar medium. 27 The ΔδTROSY-based tensor analysis gave results consistent with those obtained from the RDCs, even in using an average 15 N CSA tensor, rather than residue-specific CSAs. Thus, our proposed TROSY offset-based approach gives alignment tensors consistent with those obtained by conventional analysis using RDCs without strict considerations on the local CSA variations. 21 For convenience, we refer to the ΔδTROSY-based alignment tensor determination as DIORITE, which stands for determination of the induced orientation by trosy experiments.
Although the alignment tensor determined by DIORITE for ubiquitin was shown to be consistent with that from RDC, we anticipate an improvement in the accuracy of the tensor by incorporating residue-specific CSA values. For uqibuitin, Bodenhausen and coworkers have determined residue-specific CSA tensors by using a set of cross-correlated experiments. 54 Using the residue-specific tensors, we reanalyzed the same data by DIORITE. The resultant alignment tensor was compared with that obtained from the average CSA, Table 2 . The back-calculated ΔδTROSY values in using with the average CSA and the residuespecific CSAs were plotted with the observed ΔδTROSY data (Fig. 9) . The back-calculated ΔδTROSY plot demonstrated that, by using the residue-specific CSAs, some residues showed improved fitting of the back-calculated ΔδTROSY to the observed data. This shows that the use of the average CSA introduces a degree of bias. The resultant alignment tensor, however, does not appear to be sensitive to the accuracy of the CSA tensor values used in the analysis. This result suggests that the residue-specific CSA tensors are not strictly necessary, and that appropriate CSA tensor values from solid state experiments can give the alignment tensor consistent within an experimental error range.
7·2 Effect of the magnetic field strength and CSA variations
on DIORITE analysis To further explore the effect of the CSA variations, we have to consider the effect of the applied magnetic field strength on the DIORITE analysis. The data analyzed above were collected on a 500 MHz spectrometer, which makes the CSA contribution less significant. In experiments using higher magnetic fields, the CSA contribution to ΔδTROSY increases. As a consequence, bias to the resultant alignment tensor may be introduced when using a single CSA tensor. The simulated field dependency of the differences between the back-calculated ΔδTROSY using the average CSA and the residue-specific CSA are plotted in Fig.  10 . According to each peptide plane orientation, at 900 MHz 15 N ubiquitin dissolved in the bicellar solution, whose values were measured by using magic-angle sample spinning. 21 Red and green circles are the back-calculated ΔδTROSY values for the alignment tensor parameters analyzed by DIORITE using a single CSA tensor and the residue-specific CSA tensors reported by Bodenhausen and coworkers, 54 respectively. magnetic field, the differences will be enhanced to approximately three-times that observed at 500 MHz. This simulation shows that higher magnetic field experiments would require more accurate CSA values. For proteins over 100 kDa, the residue-specific CSA tensors are not obtained from a set of cross-correlated relaxation experiments, as was the case for ubiquitin (8 kDa) . 54 Instead, superior results for high magnetic field DIORITE experiments would be expected by using the residue-specific CSAs obtained by quantum chemical calculations, rather than the use of single CSA tensor.
The orientation-induced TROSY offset, ΔδTROSY, varies according to the orientation of the peptide plane with respect to the magnetic field. Thus, ΔδTROSY shows different orientation dependencies from that of RDC. As noted above, the TROSY offset contains two anisotropic spin interactions, RDC and residual chemical shift anisotropy (RCSA). The principle axis of the CSA and NH-bond in the peptide plane is nearly collinear; the angle (β) between the principle axis, or σxx axis, and NH bond is in the range about 15 -20 degrees. Because of the small β angles, RDC and RCSA show a similar dependency on the peptide plane orientation against the magnetic field direction. RDC and RCSA show opposite signs to each other, therefore ΔδTROSY becomes generally less than half that of 1 Dnh in magnitude. The RCSA contribution to ΔδTROSY increases according to the magnetic field strength, while RDC is essentially independent of the magnetic field. This causes the field dependent change in the ΔδTROSY magnitude. In the case of ubiquitin, a simulation shows that the root-mean-square ΔδTROSY becomes minimal at 800 MHz, and again increases in magnitude over 800 MHz (Fig. 11) .
The RCSA with opposite sign to RDC makes the observed ΔδTROSY roughly one-third the magnitude of RDC in the 500 MHz experiment.
For structural analysis, a practically appropriate alignment condition induces the maximal RDC magnitude around 20 Hz. In this condition, we anticipate an approximate maximal magnitude for ΔδTROSY around 6 Hz. The accuracy at which a peak position can be determined is estimated to be 0.6 Hz at a signal-to-noise ratio of 40:1. 41 Thus, a TROSY offset with a maximum magnitude of 6 Hz is still sufficient for obtaining structural information under experimental conditions that maintain the signal-to-noise ratio at over 40:1. The required signal-to-noise ratio for a TROSY spectrum is achieved by simply increasing scan times even for the sample solution with low protein concentration.
DIORITE relies on the chemical-shift changes induced by alignment.
Because the chemical shift is sensitive to environmental changes (e.g., temperature, pH, ionic strength and so on) when measuring ΔδTROSY, care must be used when setting the reference conditions by keeping the chemical environment the same, but varying the molecular alignment. In the preceding section, we have described various types of media to achieve molecular alignment. It is often difficult to obtain a reference spectrum for measuring orientation-induced TROSY offsets using liquid crystalline media. On the other hand, the anisotropically compressed polyacrylamide gel is an appropriate choice in this regard. The reference data can be obtained from the sample in the uncompressed gel made of the same chemical compositions. Additionally, polyacrylamide gels can accommodate molecularweight proteins of over 30 kDa and provide more options for varying alignment properties, for example, by doping a charge into the gel. 35 Figure 12c shows data collected using a compressed polyacrylamide gel, demonstrating an appropriate alignment for a protein of over 30 kDa to give a maximum ΔδTROSY of around 6 Hz in magnitude. In measuring the TROSY offsets, the reference peak positions were obtained using an uncompressed polyacrylamide gel made of the same chemical composition as that for the compressed gel. The state of anisotropy achieved by gel compression can be monitored from the water 2 H signal. D2O in the anisotropic gel shows residual quadrupolar splitting (Fig.  12a) , whilst in the isotropic gel for reference it shows a singlet signal, as commonly observed in isotropic solution (Fig. 12b) .
7·3 Optimal field strength for DIORITE analysis
The TROSY effect relies on the relaxation interference between dipolar and CSA mediated processes, and the line width of TROSY depends on the magnetic field. 22 By considering the field dependency of the TROSY effects and ΔδTROSY magnitudes, we should be able to estimate the optimal field frequency for DIORITE analysis. Figure 13a shows plots of the anticipated rms ΔδTROSY in ppb units for each magnetic field and the corresponding TROSY line width in ppb. In Fig. 13b , the field dependency of the ratio of rms ΔδTROSY (ppb) to the corresponding TROSY line width (ppb) against the magnetic field is shown. This ratio may represent the relative sensitivity to the TROSY offsets in reference to the TROSY line width observed on 2D spectra. The plot indicates that the optimal 48 ANALYTICAL SCIENCES JANUARY 2008, VOL. 24
Fig . 10 Field dependency of the difference in the ΔδTROSYs back calculated from the tensor parameters with single CSA and residuespecific CSAs. The circles in black, red, green, blue and orange show the results for 500, 600, 700, 800 and 900 MHz resonance frequencies for 1 H, respectively. Fig. 11 Field dependency of the root-mean-square ΔδTROSY. The values were simulated using alignment tensors determined from the data for 15 N ubiquitin in the bicellar solution at 500 MHz.
frequency for DIORITE will be around 900 MHz, where we expect the highest sensitivity to the TROSY offsets in the aligned state (Fig. 13b) . From the simulation, it was demonstrated that DIORITE analysis takes full advantage of TROSY effects i.e., the frequency for the narrowest TROSY signals allows the highest sensitivity for the TROSY offset in the alignment. DIORITE is an alternative approach for determining the alignment tensor of a weakly aligned protein, which enables orientation analysis, and takes full advantage of the TROSY effect. This approach is anticipated to improve the domain orientation analysis of proteins in solution, and to significantly increase the current size limitation.
Summary
In this review article, a theoretical background is described for residual anisotropic spin interactions observed for the solute in a weak alignment against the magnetic field. The residual anisotropic spin interactions provide physical values convoluting the dynamic and structural properties of the molecule. Thus, the observations include both structural and dynamic information about proteins. As an important target for applying the residual anisotropic spin interactions, focus was put on determining the average relative domain orientations of a protein in solution, which cannot be accessed by conventional NMR approaches or by X-ray crystallography. RDC-based analyses have been successfully applied to reveal the domain orientations of proteins. However, conventional RDC-based approaches suffer from a severe molecular size limitation, due to rapid spin relaxation of the high-field component for a pair of 1 H-coupled 1 H-15 N cross-peaks. Here, we introduced a newly devised approach that uses TROSY shift offsets induced by orientation for determining the alignment tensor. This approach relies solely on the TROSY signals, thus, taking full advantage of the TROSY effect. Indeed, the maximal sensitivity to the orientation-induced TROSY offsets occurs at a frequency that allows the narrowest TROSY line width. The establishment of the TROSY-based alignment tensor analysis extends the domain orientation analysis to much larger proteins (i.e., >100 kDa). This approach will most likely widen the application of NMR in structural biology.
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